Isotopic Patterns in Modern Global Precipitation
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The International Atomic Energy Agency (IAEA), in cooperation with the World Meteorological Organization
(WMO), has been conducting a world-wide survey of hydrogen CH/'H) and oxygen (**0/*°0) isotope composition
of monthly precipitation since 1961. At present, 72 IAEA/WMO network stations are in operation. Another 82
stations belonging to national organizations continue to send their results to the IAEA for publication. The paper
focuses on basic features of spatial and temporal distribution of deuterium and **0 in global precipitation, as derived
from the JAEA/WMO isotope database. The internal structure and basic characteristics of this database are
discussed in some detail. The existing phenomenological relationships between observed stable isotope
composition of precipitation and various climate-related parameters such as local surface air temperature and
amount of precipitation are reviewed and critically assessed. Attempts are presented towards revealing interannual
fluctuations in the accumulated isotope records and relating them to changes of precipitation amount and the surface

air temperature over the past 30 years.

INTRODUCTION

Decisive improvements in mass-spectrometry techniques shortly
after World War II [Nier, 1947; Nier et al., 1947; McKinney et al.,
1950] enabled precise measurements of the natural abundances of
oxygen-18 and deuterium in meteoric waters. First publications on
this subject appeared within a few years [Dansgaard, 1953, 1954;
Epstein and Mayeda, 1953; Friedman, 1953]. The first attempt to
summarize the available information on the isotopic composition of
freshwaters worldwide (including precipitation) was published by
Craig in 1961 [Craig, 1961].

In the same year the International Atomic Energy Agency (IAEA),
in cooperation with the World Meteorological Organization (WMO),
initiated a world-wide survey of the isotope composition of monthly
precipitation. The programme was launched with the primary
objective of collecting systematic data on isotope content of
precipitation on a global scale (deuterium, oxygen-18 and tritium),
characterizing their spatial and temporal variability and,
consequently, providing basic isotope data for the use of
environmental isotopes in hydrogeological investigations. It
appeared soon that the collected data are also very useful in other
water-related fields such as oceanography, hydrometeorology and
climatology.

The operation of the network started with more than 100
meteorological stations in 65 countries and territories, collecting
monthly composite precipitation samples for isotope analyses. The
number of stations varied and reached a maximum of about 220
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stations in 1963-64. After a revision in 1977, operation of some
stations was stopped. During the past decade, the number of
JAEA/WMO network stations was oscillating around eighty.
Approximately the same number of stations belonging to national
organizations continued to send their results to the JAEA for
publication. Since 1990, approximately 15 new stations have been
incorporated in the network, mainly representing regions with poor
data coverage. Detailed technical procedures for the collection and

-shipment of samples, to be followed by the stations, and a

standardized data reporting format were introduced from the
beginning of operation of the network. The isotope analyses are
performedin the IAEA laboratory and in laboratories of cooperating
institutions in Member States. In addition to the isotope data, certain
meteorological variables are also recorded (type and amount of
precipitation, surface air temperature, vapor pressure) and reported
to the JAEA.

The isotope and meteorological data are published regularly by the
TAEA in the form of data books [/AEA, 1969, 1970, 1971, 1973, 1975,
1979, 1983, 1986, 1990} and are also available on magnetic tape or
on floppy disks. Information on isotopic composition of precipitation
includes the tritium content (reported as *H/'H ratios, expressed in
Tritium Units) and the stable isotope ratios (*H/'H and "®0/*0), all
with their analytical errors as stated by the laboratories performing
the analyses. Basic statistical treatment of the data accumuluted till
1978 is available as a separate volume [TAEA, 1981]. A revised and
extended version of this treatment, covering the data gathered up to
the end of 1987, was published by the IAEA in 1992 [IAEA, 1992].

The basic characteristics of the network, as at the end of 1987, are
summarized in Figures 1 to 3. The total number of stations ever
operated is 379. Both tritium and stable isotopes are available for
approximately 64 percent of the stations. Of the 251 stations for which
the stable isotope data are available, 219 have an oxygen-18 record
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Fig. 1. General structure of the IAEA/WMO global network "Isotopes in
Precipitation”.

longer than one complete year (at least 12 monthly "*O values). Only
these stations were considered in this study. Although only one year
of '®0 record may not always properly reflect average conditions at
a given station, we have decided to include in the discussion also
these relatively short records in order to improve spatial coverage
with the data. Geographical distribution of the network stations is
rather inhomogeneous (Figure 3); more than 50 percent are located
in mid- northern latitudes, between 30°N and 60°N (Figure 2). Only
16 out of 219 stations are located in high latitudes (< 60° ). The
low-altitude stations (up to 200 m a.s.1.) constitute about 60 percent
of the selected stations. Mountainous regions (above 1000 m a.s.l.)
are represented by 24 stations. The length of the available oxygen-18
record also varies considerably (Figure 2). For 64 out of 219 stations,
the record is shorter than 3 years. There are 32 stations for which at
least 20 years of '®0 record is available. The Vienna station has the
longest "°O record (348 monthly data, 31 years of operation).

To date, approximately 180,000 isotope and meteorological values
have been accumulated in the IAEA database. Critical analysis of the
quality of stored information has recently been carried out, resulting
in removing inconsistent data, obvious outliers, typing errors, etc.
Altogether 530stable isotope, 28 tritium and 325 meteorological data
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Fig. 2. (a) Frequency distribution histogram of the length of *O records
available for the IAEA/WMO stations, as at the end of 1987; (b) Latitudinal
distribution of the network stations for which a minimum of one year of 'O
record is available; (c) Frequency distribution histogram of the network
stations with respect to altitude of their location; (d) Frequency distribution
histogram of the network stations with respect to the amount of annual
precipitation.

have been removed in this way from the database. Similar analysis
carried out recently for several southern hemisphere stations
revealed that a substantial part of the stable isotope record for
Rarotonga, Kaitaia and Invercargill are unreliable, most probably due
to evaporation of precipitation samples after collection [Taylor,



ROZANSKI ET AL. 3

Fig. 3. Geographical distribution of the IAEA/WMO network stations for which a minimum of one complete year of stable isotope record

is available.

1990]. These erroneous results were also removed from the database.
Although some errors may still be present in the record, we believe
that the overall quality of the database is now substantially improved.
The revised statistical treatment mentioned above has been based on
this cleaned database.

The stable isotope ratios of water, 2H/™H and ®0/*°0, are expressed
by convention as parts per thousand deviation relative to the standard
V-SMOW (Vienna Standard Mean Ocean Water). Delta notation,
5H or 80, commonly used to report the measured isotope
variations, is defined by the following equation:

8=(R‘“—W— l]x 1000 [7,] 6

RSTANDAR.D

where R, ypre ad R maro Stand for the isotope ratios H/'Hor *0/°0
of the sample and the standard, respectively.

GLOBAL DISTRIBUTION PATTERNS
Theearly data gathered by the IAEA/WMO network were reviewed
by Dansgaard [Dansgaard, 1964]. He gave a salient

phenomenological evaluation of these data, relating the observed
distribution of heavy isotopes to a number of environmental
parameters characterizing the given sampling site, such as latitude,
altitude, distance to the coast, amount of precipitation, surface air
temperature. The reviews which followed [Yurtsever and Gat, 1981;
Gonfiantini, 1982, Gonfiantini, 1985] essentially confirmed the early

findings of Dansgaard. It was soon realized that the above mentioned
empirical relationships (so called "effects") can in fact be considered
as a measure of the average degree of rain-out of moisture from the
given air mass, on the way from the source region to the site of
precipitation.

The theoretical approaches to explain the observed isotope
variations in meteoric waters evolved from the "isolated air mass”
models based on Rayleigh condensation with immediate removal of
precipitation or with a part of the condensate being kept in the cloud
during the rain-out process [Dansgaard, 1964; Friedmanet al.,1964;
Craig and Gordon, 1965; Gat and Dansgaard, 1972; Taylor, 1972;
Merlivat and Jouzel, 1979; Siegenthaler and Matter, 1983; Van der
Straaten and Mook, 1983; Covey and Haagenson, 1984; Jouzel and
Merlivat, 1984; Gedzelman, 1988; Johnsen et al., 1989]. The
Rayleigh condensation concept has also been used in connection with
classical equations of water vapor transportin the atmosphere, to
model regional isotope fields [Eriksson, 1965; Rozanski et al., 1982;
Sonntag et al., 1983; Fisher and Alt, 1985; Fisher, 1990; Gedzelman
and Lawrence, 1990; Ingraham and Craig, this volume]. The
global-scale modelling of deuterium and oxygen-18 distribution
patterns in precipitation was recently carried out with the aid of
general circulation models (GCMs) of the atmosphere [Joussaume
et al., 1984a,b; Jouzel at al., 1987a; Jouzel et al.,1991). 1t appears
that major characteristics of the global isotope fields are properly
reproduced by the currently available GCMs.

A considerable amount of theoretical and applied work carried out
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during the past three decades resulted in a fairly good understanding
of the processes controlling the isotopic evolution of atmospheric
waters at different levels of the water cycle. It became apparent that,
like many other atmospheric properties, the isotopic composition of
atmospheric water vapor and, consequently, of precipitation exhibits
a broad spectrum of temporal variations with characteristic periods
ranging from minutes up to hundreds or thousands of years.
Isotope studies of individual storm events, initiated by Dansgaard
[1953] and continued by many other authors [e.g. Gambell and
Friedman, 1965; Miyake et al., 1968; Ambach et al., 1975;

Gedzelman and Lawrence, 1982; Rindsberger et al., 1990], revealed .

that stable isotope composition of successive portions of precipitation
collected during single rain event may vary dramatically.
Rindsberger et al. [1990] in the regional study of individual rain

events in Israel found that quite often the pattern of evolution of §°0.

intime is V-or W-shaped: a sharp decrease of the 8 values was usually
observed with a minimum value sometime in the middle of the
shower. The most depleted isotope values corresponded usually to
the period of most intense rain. This pattern was attributed to the
passage of the frontal system(s). The range of in-storm 8'*O variations
was quite large, reaching in some cases 10 to 12 per mil. Similar
results were obtained by other authors [Gambell and Friedman, 1965;
Miyakeet al., 1968; E.M. Adar - unpublished data, 1992]. The general
conclusion of these studies was that the isotopic composition of
precipitation from a given storm depends strongly on meteorological
history of the air in which the precipitation is produced and through
which it falls.

Precipitation samples collected on the per-event basis also reveal
astrong linkage between their isotope signature and the storm’s path,
structure and evolution [Rindsberger et al., 1983; Gedzelman and
Lawrence, 1990; Nativ and Riggio, 1990]. For instance, detailed
analysis of meteorological processes producing precipitation over
northeastern United States led Gedzelman and co-workers
[Gedzelman and Lawrence, 1982; Lawrence et al., 1982] to the
conclusion that the further south the storm track and the warm front,
the lower 8D value of precipitation. They also demonstrated that
convective clouds produce precipitation with higher 8 values than
stratiform clouds with the same base and top.

Adistinction should be made between liquid (rain) and solid (snow,
hail) precipitation. Whereas isotopic composition of snow or hail
collected at the ground reflects in-cloud conditions, raindrops
undergo evaporation and isotopic exchange with atmospheric vapor
on their fall down to the surface. Theoretical estimates [Miyake et
al., 1968; Jouzel, 1986], laboratory experiments [Steward, 1975] as
well as isotope analyses of paralle] samples of water vapor and rain
collected at the ground [Schoch-Fischer et al., 1984; Jacob and
Sonntag, 1991] indicate that isotope exchange of raindrops with
surrounding moisture is efficient enough to bring isotopic
composition of rain close to the equilibrium value at the ground-level
temperature. Substantial evaporative enrichment of raindrops
beneath the cloud is mainly observed for light rains falling in
relatively dry atmosphere.

The information available to date about deuterium and oxygen-18
content of global precipitation will be reviewed and discussed below
in some detail. The review is based on the IAEA/WMO database
(1961-1987, stations with at least a one-year record of oxygen-18).
In some cases we use in the discussion more recent data sets as well

as other published data, not included in the network. Regional maps
of '*0 content in precipitation are shown in Figures 4 to 9. For each
station two values are reported: long-term arithmetic and long-term
weighted mean 8'°0 (weighing by the amount of precipitation).

One should keep in mind that the IAEA/WMO database,
represented by monthly composite samples of precipitation, provides
only statistically averaged, episodic information about isotopic
composition of atmospheric water vapor, resulting from successive
precipitation events, each usually with highly variable isotope
characteristics.

Latitudinal distribution

The annual mean values of O content in precipitation are plotted
in Figure 10a as a function of latitude. The available data from
high-latitude regions (mainly Greenland and Antarctica) are also
schematically indicated on the figure. They represent in most cases
freshly collected snow [Lorius and Merlivat, 1977; Peel et al., 1988;
Johnsen et al., 1989; Petit et al., 1991; A. D. Fisher - unpublished
data, 1991].

The distribution shown in Figure 10a can be qualitatively
understood in view of the fact that the major global source of water
vapor is the tropical ocean; approximately 65 percent of the global
evaporation flux over the oceans originates between 30°S and 30°N
[Peixoto and Oort, 1983]. Poleward transport of this vapor is
connected with gradual rain-out and the resulting reduction of total
precipitable water in the atmosphere. This process can be modelled
using the above mentioned Rayleigh approach. In fact, Fisher [1990]
was able to reproduce fairly well the §'*Q distribution shown in Figure
10a using a zonally-averaged global isotope model with distributed
water vapor sources. The remarkable spread of the data shown in
Figure 10a has several sources: (1) precipitation collected at
mid-latitude continental stations is in general more depleted in heavy
isotopes than at coastal or marine stations located at the same latitude
(see discussion below). This effect is especially obvious in the
northern hemisphere; (2) a strong vertical gradient in the isotope
content of atmospheric moisture [Taylor, 1972; Ehhalt, 1974;
Rozanski and Sonntag, 1982] results in an apparent tendency to
observe precipitation more depleted in heavy isotopes with
increasing elevation of the sampling site. Perhaps the most
characteristic example of this effect is the Izobamba station located
in the Andes close to the equator (elevation 3058 m a.s.l.), which
exhibits the isotope composition of precipitation typical for
mid-latitude regions; (3) some tropical maritime stations tend to show
excessive depletion in the heavy isotope content when compared with
coastal or continental stations located within the same latitude belt,
due to pronounced amount effect; (4) regional temperature anomalies
mayresult in the average isotopic composition of precipitation falling
off the general latitudinal trend. For instance, some coastal stations
in the North Atlantic region (Reykjavik, Lista, Isfjord, Valentia) are
characterized by relatively enriched 830 values, probably due to the
positive temperature anomaly caused by the presence of the Gulf
Stream. A substantial contribution of local vapor sources for some
of the stations in the region, as suggested by Johnsen et al. [1989],
may also contribute to the observed effect.

The role of temperature in establishing the latitudinal gradient in
the heavy isotope composition of precipitation is illustrated in Figure
10b. It shows the 3-month averages of 80 (winter and summer
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Fig. 4. Geographical distribution of the IAEA/WMO network stations in Europe. The stations are identified by name. For cach station
the long-term arithmetic mean (first number) and the weighted mean (second number) 8"%0 values are indicated.

months, respectively) for continental and coastal stations, as a
function of latitude. Reduced temperatures of the lower atmosphere
over mid and high latitudes during winter months result in a
substantial reduction of the total precipitable water in the atmosphere.
For instance, for the latitude band of 40°N to 50°N the
zonally-averaged total precipitable water drops from 25 kg m? in
summer (JJA) to 12 kg m? during winter (DJF), with the values close
to equator remaining essentially constant throughout the whole year
[Peixoto and Oort, 1983]. This leads to a larger effective rain-out of
the air masses resulting in a greater depletion of the heavy isotope
content of precipitation during winter. As can be seen in Figure 10b,
seasonal differences of the isotope signal are more pronounced in the
northern hemisphere, reflecting the role of continents in establishing
seasonal thermal gradients.

Continentality

The regional maps shown in Figures 4 to 9 reveal a great variety
of distribution patterns of 30 over the continents. Detailed
discussion of this distribution is beyond the scope of this paper. Here,
we will focus only on the major features. In general, the distribution
of 8"*0 mimics the topography of the continents; mountainous chains
are marked by more negative 8O values. This feature is called
altitude effect. Also, there is an apparent tendency to observe more
negative §'°0 values in precipitation with increasing distance from
the coast. This feature is known as a "continental effect”.

Basically the same mechanism is responsible for both effects:
gradual removal of moisture from air masses which move inland or
are orographically uplifted, coupled with preferential removal of the
heavy isotopes during condensation process. This implies that the
ocean is a major source of water vapor over the continents. Such an
assumption might, however, not always be fulfilled, e.g. in the
vicinity of large continental water bodies or in the interior of
continents, where the re-evaporated moisture plays an important role
in the atmospheric water balance [Salati et al., 1979; Sonntag et al.,
1983; Ingraham and Taylor, 1986}].

Systematic studies of isotopic composition of near-ground
atmospheric water vapor carried out in Europe [Schoch-Fischer et
al., 1984; Rozanski, 1986; Jacob and Sonntag, 1991] and in the
northeast United States [White and Gedzelman, 1984] revealed a
strong positive correlation between 8D of the vapor and the specific
humidity of air. Sonntag et al. [1983] demonstrated that, under certain
assumptions, the monthly and seasonal mean values of the specific
humidity measured at ground level can be converted to the total
precipitable water, using only ground-level characteristics of the
atmosphere. Further, they showed that the ratio of total precipitable
water measured over the continent to that over the vapor source region
(monthly or seasonal averages) is a good measure of the average
degree of rain-out of the air masses moving inland, and, consequently,
can be used to calculate the average isotopic depletion of the vapor
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and precipitation over the continents.

Perhaps the most characteristic example of the continental effect is
supplied by the available data for the European continent (Figure
11a). The seasonal and annual mean 80 values for selected
European stations are plotted as a function of the distance from the
Atlantic coast. The Atlantic coast was chosen due to predominant
westerly circulation over western and central Europe [Korzun, 1974;
Peixoto and Oort, 1983]. Two stations representing major source
regions for the vapor entering the European continent are also shown
inFigure 11a (Weathership E and Ponta Delgada). A distinct, gradual
depletion of '*0 content in precipitation is observed with increasing
distance from the coast. The overall depletion reaches 8 per mil over
a distance of about 4500 km. The extent of the '*O depletion varies
seasonally: in winter it is much more pronounced than in summer.
This effect has been explained by seasonal differences of water
balance over the continent. In summer, the plant cover returns to the
atmosphere substantial amounts of water during the transpiration
process. This backward flux of vapor reduces the inland gradient of
total precipitable water [Peixoto and Oort, 1983] and the resulting
effective degree of rain-out of air masses moving eastward, which in
turn reduces the extent of isotopic depletion of precipitation during
summer months [Rozanski et al., 1982]. The gradual isotopic
depletion with increasing distance from the Atlantic coast seems to
persist till the Ural Mountains. Unfortunately, no reliable data are so
far available for western and central Siberia.

An apparent nonlinearity of the continental effect, limited to the

winter months, is also seen in Figure 11a. A substantially larger slope
of the best fit line (approximately 3.8°/,, per 1000 km) is observed
till the longitude band of about 17°E to 20°E, as compared with the
average slope further east (about 1.6°/_, per 1000 km). The decrease
of the slope has been explained by additional moisture supply from
the south (Mediterranean Sea, Black Sea, Caspian Sea), substantially
contributing to water balance over eastern Europe during winter
months [Sonntag et al., 1983]. In fact, Rozanski et al. [1982] were
able to reproduce the seasonal mean 8D values in European
precipitation only till the above mentioned longitude band, assuming
that the Atlantic Ocean is the only source of water vapor over Europe.
Significant south-north component in the horizontal vapor flux over
eastern Europe during winter months is visible also on the global
maps of the zonal and meridional horizontal vapor flow [Korzun,
1974; Kuznetsova, 1990] and on maps of total precipitable water
[Peixoto and Oort, 1983].

Like western and central Europe, the South American continent is
under the prevailing influence of the Atlantic ocean [Ratisbona,
1976]. The Andes constitute in fact an effective barrier against air
masses transporting moisture from the Pacific Ocean. This fact has
important consequences for spatial distribution of 80 in
precipitation over this continent (Figure 7). For the Amazon Basin,
the continental gradient of 8®0 in precipitation over the distance of
the first 2000 kilometers from the coast is substantially smaller when
compared to Europe (Figure 11b). It reaches approximately 1.5%/_,
per 1000 km, compared to about 2.0°/, per 1000 km for Europe,
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Fig. 6. Geographical distribution of the IAEA/WMO network stations in the north American continent. The stations are identified by
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when long-term annual mean 80 values are considered. This
reduced "continentality” of the isotope signal has been explained by
intense recycling of moisture within the basin by the
evapotranspiration [Salati et al., 1979; Gat and Matsui, 1991]. Two
other features of the data points presented in Figure 11b are worth
being mentioned here: (1) the continental gradient of 30 in
precipitation over the basin becomes very small west of Manaus;
during the rainy period %0 is stabilized already at adistance of about
1000 kilometers from the coast. Such an effect can be observed in
Europe only during summer, however at much greater distance from
the coast (Figure 11a). This points to a high intensity of recycling of
moisture by evapotranspiration in the Amazon Basin; (2) there are
relatively large seasonal fluctuations of 80 in precipitation already
at the entrance to the Amazon Basin (station Belém) which are then
propagated westward. Origin of these variations remains unclear.
Matsui et al. [1983] noted that very low §'°0 in precipitation and in
atmospheric moisture at Belém are associated with the passage of
the Intertropical Convergence Zone (ITCZ) over the region. The
Izobamba station, shown for comparison in Figure 11b, reveals much
higher isotope depletion than the stations located within the basin. It
results from orographic uplift of the air masses on the eastern slopes
of the Andes.

The data coverage for the North American continent (Figure 6) is
-not as good as for Europe. On the other hand, spatial distribution
patterns of 8'®0 and 8D in precipitation over this continent are
substantially more complex, reflecting seasonally varying influence

of the air masses of different origin: (1) Gulf of Mexico and
subtropical Atlantic in the south-east; (2) subtropical Pacific in the’
south-west; (3) north Pacific in the west and north-west, and (4)
Arctic in the north [Bryson and Hare, 1974]. This results in a strong
apparent linkage between isotope signature of precipitation and the
air mass trajectories as reported by several authors [Lawrence et al.,
1982; Fritzet al., 1983; Nativand Riggio, 1990; Lawrence and White,
1991; Friedman et al., 1992]. On a regional scale, a distinct
continental effect recorded in surface and shallow ground waters has
been observed by Ingraham and Taylor [1986] along a traverse
through Northern California and by Yonge et al, [1989] in
southwestern Canada.

Isotope data for the African continent are scarce (Figure 8). Three
sources of vapour can in principle contribute to precipitation’
collected over the continent: the Atlantic Ocean, the Indian Ocean
and the Mediterranean Sea. The contribution of the Mediterranean
is limited to North Africa. Precipitation patterns over Western and
Central Africa are controlled by seasonal shift of the ITCZ with
associated NE or SE frade winds and permanent moasoonal flow
originating in the southern subtropical Atlantic [Lacaux et al., 1992].
Eastern Africa receives most of its precipitation from the Indian
Ocean. For the stations located between 0 and 15°N the rainy period
usually lasts from June to September, whereas the south-east of
Africa receives most of its precipitation between November and
April. It is interesting to compare the stations lying along the
trajectory of the Atlantic monsoonal flow (Kano, N’djamena,
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name. For each station the long-term arithmetic mean (first number) and the weighted mean (second number) §'®0 values are indicated.

Geneina, Khartoum). An apparent increase of 80 with increasing
distance from the coast is observed. Surprisingly enough, the Addis
Ababa station, situated at an elevation of 2360 m a.s.l, reveals the
highest "*O enrichment of precipitation among the stations of the
region. Most of the data points cluster along the Global Meteoric
Water Line (cf. Figure 27) which excludes substantial evaporative
enrichment of rain collected at this station.

It has been suggested [Sonntag et al.,1979] that rainforest of the
Congo Basin may represent an important source of moisture for the
regions situated north and north-east of the basin thus leading to
relatively high 80 and 8D values of Addis Ababa precipitation.
Because the transpiration proceeds without isotope differentiation
[Zimmermann et al., 1967], the moisture released in this process will
be isotopically much heavier than the atmospheric water vapor of
maritime origin. Consequently, rain produced from such recycled
moisture can easily reach positive 8'°0 and 8D values, which often

happens at Addis Ababa. Further, more detailed studies of rain and
atmospheric moisture in the region would be needed to verify this
hypothesis.

Recently, Joseph et al, [1992] proposed an alternative explanation
for the apparent east-west gradient in "0 content of precipitation and
shallow ground waters observed in the Sahelo-Sudanese Zone in
Africa (between 10°N and 17°N), which includes the network stations
discussed above. They suggest that a major supply of moisture for
this region is from the Indian Ocean. The vapor is transported
westward by the zonal flows of East African Jet and Tropical Easterly
Jet. In their model, the rain collected at Addis Ababa during the rainy
periodrepresents in fact first condensation stage of maritime moisture
brought by the Indian monsoon.

Seasonality
The regular seasonal variations of deuterium and 'O content of
monthly precipitation, with precipitation isotopically depleted in
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Fig. 8. Geographical distribution of the IAEA/WMO network stations in Africa. The stations are identified by name. For each station the
long-term arithmetic mean (first number) and the weighted mean (sccond number) 810 values are indicated.

winter and enriched in summer, are common at mid- and high-latitude
stations of the IAEA/WMO network. These seasonal differences are
due to several factors: (1) seasonally changing temperature at mid-
and high latitudes, with only minor fluctuations in the tropics. It

results in seasonal variations of the total precipitable water in the
atmosphere at these latitudes due to a varying degree of rain-out of
the air masses transported poleward. This, in turn, via the Rayleigh
mechanism, induces seasonality in the isotope signal observed in
precipitation; (2) seasonally modulated evapotranspiration flux over
the continents induces seasonal differences in the atmospheric water
balance; (3) seasonally changing source areas of the vapor and/or
different storm trajectories.

The seasonal fluctnations of 3'*0 and 8D, observed at many tropical
island steticns, have a different origin. In this case, the 0 and
deuterium content in precipitation is usually well correlated with the
amount of precipitation (see discussion below). Isotopically depleted
precipitation is observed during the rainy period.

Figure 12 illustrates the seasonal variability of §'*0 and temperature
records for selected stations of the network. Groups of stations
representing marine, coastal and continental environments at low,
mid- and high latitudes are shown. It is obvious that the continental
stations reveal much higher seasonal variations of both §'*0 and
temperature than is the case for marine or coastal stations.

The gradual enhancement of seasonal variations of the isotope and
temperature records with increasing distance from the coast is
illustrated by Figure 13, showing the long-term monthly means of
5"®0 and temperature for several European stations. The amplitude
of 8"0 signal increases from about 2.5, at the coast (the Valentia
station) to approximately 10°/, at the station Moskva, 3200 km
inland. The above discussed substantial reduction of the continental
effect during summer is also visible in Figure 13a. The large
amplitude of seasonal variations of the heavy isotope composition
of precipitation at more continental sites in Europe has been attributed
to a combined effect of: (1) reduced continental isotope gradient in
precipitation during summer due to recycling of atmospheric
moisture by evapotranspiration, and (2) seasonally changing thermal
gradient between the source regions (subtropical Atlantic) and the
continent, leading to a larger degree of rain-out of air masses during
winter months {Rozanski et al., 1982].

The amount effect

The apparent correlation between the amount of monthly
precipitation and its isotopic composition was first observed by
Dansgaard [1964] and named the "amount effect”. Figure 14a
illustrates this relationship for tropical marine stations of the network
(islands) located between 20°S and 20°N. The long-term monthly and
annual means of 80 are plotted there as a function of the average
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monthly precipitation. The same isotope data are plotted on Figure

14b as a function of surface air temperature (monthly and annual

means). Apparently, there is a strong inverse relationship between
the mean monthly or annual 8'°0 of precipitation and the amount of
monthly precipitation for these stations whereas the correlation with
the mean monthly (annual) surface air temperature is virtually
nonexistent.

Figure 15 shows seasonal variations of 8'°0, temperature and
amount of precipitation at two tropical island stations: Apia (13.80°S,
171.7°W) and Taguac, Guam Island (13.55°N, 144.83°E). Both
stations experience only minor fluctuations of temperature
throughout the year. The §'®0 is inversely correlated with the amount
of monthly precipitation: the correlation coefficient is equal to 0.55
for Apia and 0.71 for Taguac [JAEA, 1992].

The inverse relationship between precipitation 80 (8D) values
and precipitation intensity in a single storm was reported by several
authors [Matsuo and Friedman, 1967; Miyake et al., 1968, Mook et
al., 1974; Ambach et al., 1975). This led Yapp [1982] to the
development of a cloud model simulating isotopic composition of
precipitation during convective showers, in which the precipitation
rate at a given height is controlled mainly by the vertical velocity of
ascending air mass. He was able to reproduce monthly mean 8D
values of precipitation recorded at two tropical islands (Wake Island
and Johnston Island), as a function of rain intensity recorded at these
stations. He further showed that the amount effect may be explicable,

in part, as a consequence of the extent of rain-out process of deep
convective clouds because a rough correspondence was noted’
between monthly mean precipitation intensity and precipitation
amount at these two tropical, oceanic island sites.

Another process contributing to the amount effect is connected with
isotope exchange and partial evaporation of raindrops below the
cloudbase. Already Dansgaard [1964] noted thatduring months with
low precipitation, evaporative enrichment of raindrops may play an
important role (low relative humidity beneath the cloud base) which
is not the case during the rainy period. On the other hand, heavy
showers will tend to modify the heavy isotope content of atmospheric
moisture beneath the cloud towards a more negative value via the
isotope exchange with falling raindrops. This, in turn, should help to
preserve the in-cloud isotope signatures (low 8'°0 and 8D values) of
raindrops collected at the ground.

For some tropical continental stations the apparent correlation
between the heavy isotope composition and the amount of
precipitation seems to be controlled not only by local rain-out
processes but also by changes of the isotopic composition of the vapor
inthe source regior.. The Manaus station (3.12°S, 60.00°W) may serve
as a good example of such a situation (Figure 16). Gradual decrease
of 8'°0 values observed between February and May at this station
coincide with the maximum of precipitation, suggesting the typical
amount effect. However, at the same time the ITCZ crosses the
eastern margin of the Amazon Basin, pushing isotopically depleted
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moisture inland [Matsui et al., 1983]. This negative isotope signal is
visible also in the Izobamba station some 2000 km westward

(Figure 16).
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Figure 17 illustrates seasonal variations of 5'°0, temperature and
amount of monthly precipitation at two stations controlled by a
monsoon climate: New Delhi (28.58°N, 77.20°E) and Hong Kong
(22.32°N, 114.10°E). Contrary to tropical oceanicislands (Figure 15),
the temperature at theze stations reveals a distinct seasonal trend,
witi: the maximum co:1:sponding to monsoon period. Interestingly,
the 5'°0 is inversely co:related with monthly temperature with the
slope equal to -0.42 °/_, ner °C for Hong Kong and -0.10 °/,, per °C
for New Delhi. This confirms a predominant role of the amount effect
in establishing the observed seasonal variations of 8“0 in
precipitation at these stations. The correlation coefficient of the
monthly 8"*0-precipitation relationship is equal to 0.45 and 0.71 for
New Delhi and Hong Kong, respectively [JAEA, 1992].

The role of local temperature

The apparent link between local surface air temperature and the
heavy isotope composition of precipitation has attracted much
attention since the very beginning of isotope studies. This interest
was stimulated mainly by the potential importance of stable isotopes
as palaeoclimatic indicators. Numerous studies carried out during the
past threc decades were directed towards reconstruction of past
climatic changes from records of isotopic composition of ancient
precipitation preserved in various environmental archives such as
glacier ice, sediments, groundwater, organic matter, and others [e.g.
Dansgaardet al., 1982;Jouzel at al., 1987b; Eicher and Siegenthaler,
1976; Winograd et al., 1988; Yapp and Epstein, 1977; Becker et al.,
1991; Stute et al., 1992].

Dansgaard [1964] in his classical review presented the empirical
relationship between the annual averages of "0 of precipitation and
local surface air temperature, derived from the data gathered during
the first three years of operation of the IAEA/WMO network. The
relationship was developed for mid- and high northern latitude
coastal stations. The slope of this relationship is 0.69°, per °C for
8"0 and 5.6°/,, per °C for 8D. This relationship was frequently used
in isotope-aided palacoclimatic reconstructions. However, doubts
often arose whether spatial relations between isotopic composition
of precipitation and climatic variables, derived for the present-day
conditions, can be used with confidence to interpret isotope records
preserved in various environmental archives, as they usually reflect
long-term linkage between isotopic composition of precipitation and
climate on a given area.

In principle, three different types of the isotope-temperature
relationship can be derived from the database of the IAEA/WMO
network: (1) spatial relation between the long-term (annual) averages
of 8'%0 (3D) of precipitation and surface air temperature for different
stations; (2) temporalrelation between short-term (seasonal) changes
of §'°0 (8D) and temperature for a single station or group of stations,
and (3) temporal relation between long-term (interannual) changes
of 3'%0 (8D) and temperature at a given location.

Figure 18 shows the spatial relation between long-term annual
arithmetic means of 8'®0 and surface air temperature, derived for the
entire set of the IAEA/WMO stations. It contains also the best fit
lines of the published data for polar regions (Greenland, Antarctica).
Thedata presented in Figure 18 confirm the temperature dependence
of the isotope-temperature coefficient expected from theoretical
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Fig. 13. Seasonal variations of 8'°0 of precipitation (a) and surface air temperature (b), for selected European stations of the IAEA/WMO

global network with increasing distance from the Atlantic coast.

considerations, with increasing slope of the 8"O-temperature
relationship for reduced condensation temperatures. The slope of best
fit line of the 8'®0 data representing the temperature range between
0 and 20°C is equal to about 0.58%, per °C, which is in close
agreement with theoretical predictions for this temperature range
[Van der Straaten and Mook, 1983], based on the Rayleigh
condensation model with isobaric cooling of precipitating air masses.
Lack of correlation for the high-temperature range (20 to 30°C) results
from dominance of the amount effect in the tropics.

At polar regions the slope of the 3'®0O-temperature relation is
substantially higher: the values reported in the literature range
between 0.67°/, per °C for southern and western Greenland [Johnsen
et al., 1989],0.76°/ , per °C for East Antarctica [Lorius and Merlivat,
1977] and about 0.90°, per °C for the Antarctic Peninsula [Peel et
al., 1988]. The slope of 0.9°/,, per °C has also been reported by
Picciotto et al. [1960] for the coastal Antarctic station (King
Baudouin Base, 70.26°S, 24.19°E), using the temperature of the cloud
sheet where precipitation was formed. Substantial spread of the data
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points, seen in Figure 18, confirms the fact that local surface air  stations shows that in spite of more than 10°C lower mean annual
temperature is not always a good indicator of the average degree of ~ temperature at Barrow, the annual mean 8"%0 of precipitation for this
rain-out of a given air mass. For instance, a comparison of the  station is almost two per mil higher than at Whitehorse, with similar
Whitehorse (60.72°N, 135.00°W) and Barrow (71.30°N, 156.70°W)  annual distribution of precipitation. This probably reflects a



16 ISOTOPIC PATTERNS IN PRECIPITATION

substantially smaller average degree of rain-out of air masses

precipitating at Barrow, with the moisture originating in the north
Pacific and in the Arctic. The Whitehorse station, although situated
only about 500 km from the Pacific, is effectively shielded from its
direct influence by the Saint Elias Mountains, and receives moisture
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Fig. 15. Seasonal variations of 50, precipitation amount and surface air
temperature for two tropical marine stations of the IAEA/WMO global
network. The 8'®0 and temperature data are presented in the form of
box-and-whisker plots.

already isotopically depleted from both the south and south-east
[Holdsworth et al., 1991].

The seasonal relationship between 3'®0 and temperature is
summarized in Figure 19 and Table 2. Figure 19a shows relative
changes of long-term monthly means of 8'*0 and temperature for the
mid-latitude IAEA/WMO network stations situated in the northern
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Fig. 16. Seasonal variations of 'O, precipitation amount and surface air
temperature for two stations of the IAEA/WMO global network located in
the equatorial region of the south American continent. The 80 and
temperature data are presented in the form of box-and-whisker plots.
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Fig. 17. Seasonal variations of §'*0, precipitation amount and surface air
temperature for two tropical stations of the JAEA/WMO global network
controlled by monsoon climate. The §'*0 and temperature data are presented
in the form of box-and-whisker plots.

hemisphere (40°N to 60°N). The relative changes AS*0 and AT
(long-tenin monthly minus long-term annual mean) were calculated
in order to directly compare different stations. The same procedure
was adopted to calculate seasonal AS'®Q/AP coefficients listed in
Table 2. The slope of the best fit line is equal to 0.31°%/_, per°C, a
substantially lower value than that derived from the spatial
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relationship (1). In fact, it is apparent from Figure 19 that the
AS"0-AT relationship is nonlinear, with a higher slope for negative
departures A3'*0 and AT and only small changes of 8'°0 for the upper
end of the temperature range, in agreement with theoretical
predictions. The slope of the A3'30-AT relationship, assuming linear
dependence among these two variables, change from 0.66°/, per °C
(* = 047) t0 0.17°/, per °C (i* = 0.14) for surface air temperatures
lower than -10°C and higher than 10°C, respectively.

Very similar isotope variations have been observed in atmospheric
water vapor sampled continuously at the ground level at Heidelberg,
Germany (49.8°N, 8.7°E), between 1981 and 1988 [Jacob and
Sonntag, 1991]. The authors conclude that the lack of a strong
relationship between 5'°0 and temperature in summer results mainly
from an admixture of water vapor which is released by plant
transpiration and has arelatively constant isotopic composition, close
to weighted annual mean of precipitation. Higher slope of A3'*0-AT
relation for the low-temperature end is understood in view of a higher
effective degree of rain-out of air masses in winter [Rozanski et al.,
1982] and a substantial contribution of snow, the formation of which
is accompanied by an additional fractionation effect [Jouzel and
Merlivat, 1984].

Figure 19b shows the relationship between amplitudes of seasonal
changes of §"%0 and surface air temperature, defined as a difference
between long-term averages of §'*0 and temperature for summer and
winter months (JJA - DJF for the northern hemisphere and DJF - JJA
for the southern hemisphere, respectively), for selected stations of
the JAEA/WMO network. In general, more continental climate
implies larger amplitude of seasonal variations of 8'*0. The slope of
the best fit line is equai to 0.40° per °C. However, for a number of
stations the ratio A3"*O/AT is negative. This indicates that seasonal
changes of 5'30 at these stations are controlled by factors other than
local surface air temperature (for instance, by seasonal changes of
storm trajectories or the amourt of precipitation).

Long-term trends

The relationship between long-term changes of the heavy isotope
composition of precipitation and the surface air temperature at a
given location is probably the most relevant as far as palaeoclimatic
applications of stable isotopes are concerned. Siegenthaler and
Matter [1983] investigated this relationship for selected stations of
mid- and high latitudes and found significant correlations for only 4
out of 14 stations. However, the length of the analyzed records was
rather short atthattime (between 8 and 13 years). Recently, Lawrence
and White [1991] examined in detail the available meteorological
and isotope data for several stations of the IAEA/WMO network.
They concluded that correlations between climate parameters
(temperature, amount of precipitation) and the isotopic composition
of precipitation, derived from the interannual variations of these
parameters, are usually limited to certain seasons of the year.

At present, much longer records of isotope and meteorological data
are available for a number of stations of the IAEA/WMO network,
reaching in several cases three decades (cf. Table 1). Therefore, it
was interesting to search for long-term trends in these records and to
try to identify the response of isotope composition of precipitation
to the postulated global warming trend during the past decade. The
selection of stations for analysis was guided by several factors: (1)
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length and quality of the available isotope and meteorological
records; (2) continuity of the records, and (3) different climatic
regimes represented by the stations. Twelve stations have been
selected using the criteria outlined above. Eight of them are located
in Europe: Meiringen, Guttannen, Grimsel and Bern (Switzerland),
Thonon-les-Bains (France), Vienna (Austria), Groningen (The
Netherlands) and Krakow (Poland). The remaining four stations are:
Ottawa (Canada), Hong Kong (South East Asia), Taguac (Guam
Island, West Pacific) and Argentine Island (Antarctic Peninsula).
The analysis of the available time series of monthly 80 and
temperature data for the selected stations started by removing the
seasonal component from the records. This was done by calculating
a 12-month running average of §'°0 and temperature. Single-month

gaps in the records were filled by the long-term mean monthly values.
The calculation was interrupted whenever more than three
consecutive months were missed in the records. Then, the differences
A3"0 and AT were calculated for individual stations by subtracting
therunning average curves from the long-terin annual means. Finally,
the resulting curves were sioothed by again applying a 12-month
running average. Spatial averaging of "*O and temperature signals
(composite curves for the Swiss stations and for the whole of Europe)
was done by calculating average differences AS”O and AT
(arithmetic averaging of the differences for individual stations), the
procedure usually adopted for calculation of spatially averaged
temperature records [Hansen and Lebedeff, 19871.

Figure 20 shows the trend curves of A8'*0 and AT calculated for
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AS%0 =(0.31 £0.01)AT -0.33 =074 n=828

10 1 A3'0 =—0.006AT*+0.299AT +0.127 r’=076  n=828
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Fig. 19. (a) Seasonal correlation between §'°0 and surface air temperature derived for the stations of the IAEA/WMO global network
situated between 40°N and 60°N. The differences between long-term monthly and long-term annual means of 8'*0 and surface air
temperature are plotted on the figure. (b) The relationship between amplitudes of seasonal changes of 50 and surface air temperature
for the selected stations of the network, defined as a difference between long-term averages of §'*0 and temperature for summer and
winter months (JJA - DJF for the northem hemisphere and DJF - JJA for the southem hemisphere, respectively).
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TABLE 2. Scasonal and long-term 8'*0-temperature and 8'*0-precipitation coefficients derived for selected stations of the IAEA/WMO
global network. See text for definition of A3"*0, AT and AP for both seasonal and long-term relationships.

P Seasonal

A8*o/AT
Cl/°C)

STATION
0

(mm)

Long-term
AB"O/AT r

Seasonal

AstoiaP 1t
(/o /10 mm)

Long-term

A8'*OIAP r’

(/. /1°C) ¢/ /10 mm)

1. Vienna 9.9 610 039+0.02 093
(1961-1990)
48.25°N, 16.30°E;
203 m.a.s.l.

2.Ottawa
(1970-1990)
45.32°N, 75.60°W;

114 m.as.l.

3. Argentine Island
(1965-1987)
65.25°S, 64.20°W;
O m.as.L

4. Hong Kong
(1961-1965)
(1973-1987)
22.32°N, 114.10°E;
65 mas.l

5. Taguac (Guam Isl.)
(1961-1967)
(1973-1977)

13.55 N, 14480 E;
110 m.as.l.

6. Apia
(1962-1967)
(1972-1977)
13.80S,171.70 W
2m.as.l

58 884 0311002 094

377 031+0.03 0.89

229 2219 0421004 091

26.0 2659 -243+098 038

264 3024 4.29%051 088

0.65 £ 0.05

0.49 1 0.08

0.5910.04

025+0.13

-1.28£0.83

-1.15+£0.19

036 1.83+0.60 048 -0.18+£0.05 0.039

0.14 249+088 044 011005 0017

045 0881064 0.16 0.10+£006 0015

002 0.13+0.02 0.75 -0.06+0.01 0310

002 -0.19+£0.02 0.89 -0.1710.01 0.750

029 0.13+002 078 0.03+0.01 0.070

the Vienna station, having the longest 80 record in the network. It
is clear that the smoothing does not change the character of the trend
curves. The trend curves of A5'%O for the Swiss stations are shown
inFigure 21a. They reveal a strong coherence among the four stations
{(correlation coefficient between each pair of stations higher than 0.8).
This indicates the presence of common mechanisms controlling the
long-term behaviour of '*O content in precipitation in this region.

The composite trend curve of AT for the Swiss stations (Figure 22a)
indicates a warming trend in the order of 1.5°C between 1986 and
1990, associated with an increase of A8'°0 by about 2°/_ above the
1970-1990 average, during the same time interval. The composite
trend curve of temperature for all European stations shown in Figure
22b reveals the same trend and is in qualitative agreement with
regional estimates published by Hansen and Lebedeff[1987], based
on a much larger data set. Correlation analysis suggests that up to 45
per cent of the variations observed for trend curves of A8"0O
representing European stations can be attributed to temperature
changes, although the strength of this coupling may vary substantially
from place to place, even on a regional scale [Rozanski et al., 1992].
Figure 23 illustrates the correlation between A8'®0 and AT for the
Vienna station, derived from the trend curves shown in Figure 20.
The slope of the best fit line is equal to 0.6530.05 %/, per °C.

The trend curves for stations representing other regions reveal a
different behaviour. The Ottawu station, although located at a similar

latitude to the Vienna station, does not reveal any warming trend over
the last decade. To the contrary, a general cooling is visible (Figure
22c). There is a poor correlation between A3'°0 and AT for this station
(see Table 2). Tue Hong Kong data, representing tropical,
monsoon-type climate, shows relatively small fluctuations of A3'*0
and AT, without apparent correlation among them (Fig. 22d). The
Taguac data (tropical, oceanic climate) reveal similar behaviour.

Argentine Island, located at a high latitude in the southemn
hemisphere, is characterized by the strongest link between '*0 and
temperature among the stations analyzed. The trend curves show a
very distinct maximum around 1985. The AS'O/AT coefficient
derived from the trend curves of ®O and temperature amounts to
0.5910.04 °/,, per °C. This is in excellent agreement with an
independent estimate of this coefficient based on comparison of §D
variations measured in the snow core collected at Dalinger Dome
(Antarctic Peninsula) and covering the time period 1953-1980, with
instrumental records of temperature in this region [Aristarainet al.,
1986

The] trend curves of the long-term changes of precipitation amount
(AP) at selected stations were calculated in an analogous way as for
the temperature and 8'°0. They are compared with the A5'*0 curves
in Figure 24, The slopes AS'O/AT and A5"Q/AP derived from
regression analysis of the trend curves are summarized in Table 2.
For the analyzed continental stations (Vienna, Ottawa, Argentine
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Fig. 20. Long-term trend curves of §'%0 and surface air temperature for the Vienna station. The trend curves A8'*0 and AT were calculated
by applying a 12-month running average over the monthly time series and subtracting the resulting curves from the long-term annual
means of 3'°0 and temperature (broken lines). The resulting curves were then smoothed by applying again a 12-month running average

(heavy lines).

Island) there is no significant correlation between long-term changes
of 8'*0 and the amount of precipitation. Temperature appears to be
a major parameter controlling long-term behaviour of isotopic
composition of precipitation in a continental environment. On the
contrary, Taguac and Hong Kong data reveal significant correlation
between long-term changes of §'°0 and precipitation amount with
no apparent link to the fluctuations of temperature at these stations.
Exceptionally strong correlation between A5'?0 and AP for Taguac
station (1* = 0.75) has already been noted by Lawrence and White
[1991].

8D - 8"0 relationship

A close relationship between deuterium and oxygen-18 isotopic
composition of freshwaters (including precipitation) when plotted on
the 8D - 8'°0 diagram, was first noted by Friedman [1953]. Craig,
in his global survey of deuterium and oxygen-18 content of
freshwaters [Craig, 1961], suggested the best fit line of his data
points, 3D =8+8'°0 + 10, which was later named the Global Meteoric
Water Line (GMWL). A few years later, Dansgaard {Dansgaard,
1964] introduced the concept of "deuterium excess", defined as d =
3D - 8+8"0.

A clear distinction has to be made between the deuterium excess
calculated using the above equation which defines location of
individualdata points on the 8D - £'*0 plot withrespectto the GMWL,

and the intercept of the best fit line of all data points available, which
frequently has a different slope than the GMWL. Figure 25a shows
the long-term annual mean 8'°0 and 8D values for all analyzed
stations of the IAEA/WMO network, plotted on the §D - 80
diagram. The least square fit of the data pointsresults in the following
equations:

a) long-term arithmetic means:

3D, = (8.1710.06)8*0 + (10.35+0.65) F=0.99 n=206 (2)
b) long-term weighted means (weighing by amount of precipitation):

3D, =(8.20£0.07)5"°0 +(11.27£0.65) =098 n=205 (3)

The above equations are identical, within the quoted errors, with
the earlier estimates based on the JAEA database [Dansgaard, 1964;
Yurtsever and Gat, 1981] and confirm that Craig’s equation 8D =
830 + 10 is a good approximation of the locus of points
representing average isotopic composition of freshwaters worldwide.

The global 8D - §™0 relationship is well understood. It was
properly reproduced by both "isolated air mass" models based on the
Rayleigh approach [Merlivat and Jouzel, 1979] and by general
circulation models [Joussaume et al., 1984a; Jouzel et al., 1987a]. It
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Fig. 21. The trend curves of §'°0 in precipitation (a) and surface air temperature (b) for four Swiss stations of the IAEA/WMO global
network, derived from the available time series of monthly data (see¢ text for details).

has been demonstrated that the value of the intercept of the global
meteoric water line is controlled by the evaporation process in the
major source regions of the vapor (subtropical ocean). The sea surface
temperature, humidity of the air and the wind speed are the main
controlling parameters. In-cloud processes in general do not modify
significantly the deuterium excess value of the vapor, as long as
formation of rain is considered. It has also been shown that the slope
of the GMWL is controlled in the first instance by the ratio of
equilibrium isotope enrichments for deuterium and oxygen-18,
respectively [Dansgaard, 1964; Merlivat and Jouzel, 1979].
Comparison of the long-term annual means of 8"°0 and 3D (Figure
25a) with the long-term monthly means for the same set of stations
(Figure 25b), reveals in the latter case a slightly lower slope of the
3D - 8"0 relationship and generally higher spread of data points.
This effect is more obvious when monthly data for individual stations

are plotted on the 8D - 80 diagram (Figures 26 and 27). The
comparison of 8D - §'®0 plots for selected marine (Figure 26) and
continental (Figure 27) stations shows that in the former case the
range of variations is smaller and a scatter of the data points is usually
substantially larger. The regression equations with corresponding
correlation coefficients for the monthly data presented in Figures 26
and 27 are summarized in Table 3. In an extreme situation,
represented by the St. Helena station (see Figure 26), the monthly
data points form a tight cluster, with a very poor correlation between
3D and 8"0. At this station essentially all precipitation probably
comes from nearby sources and represents the first stage of the
rain-out process. This probably accounts for the poor correlation.
Most of the data points have positive 8D values. This reflects a higher
evaporation temperature at the vapor source, when compared to
average condensation temperatures. The generally weaker
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Fig. 23. Relationship between the trend curves of A5'*0 and AT calculated
forthe Vienna station having the longest **O record among the stations of the
TAEA/WMO global network.

correlation of 8D and 8'%0 values for the marine stations of the
network [see JAEA, 1992] may reflect varying contributions of air
masses with different source characteristics and a low degree of
rain-out.

The imprint of local conditions at source regions of the vapor and

different storm trajectories on the isotopic composition of
precipitation can be seen also at a number of coastal and continental
stations. For instance, the Bet Dagan station receives rains associated
with Mediterranean or European air masses, each characterized by a
different deuterium excess vaiue [Gat and Carmi, 1987; Rindsberger
et al., 1983, 1990]. This results in a large spread of data points on
the 3D - 3'*0 plot. A similar situation is observed for Tokyo station,
which receives precipitation of Pacific origin in summer, whereas in
winter the westerly circulation dominates bringing precipitation from
the Japan Sea and the China Sea.

Even in cases where the stations receive precipitation essentially
from one source, distinct seasonal trends can be identified on 8D -
3"°0 plots of monthly data. European stations of the network serve
as an example of such a situation. The plot of the mean monthly
values of the deuterium excess for the Valentia and Vienna stations
(Figure 28) reveal significantly higher values of this parameter in
winter than in summer. This, in turn, leads to the slope of 3D - §*0
relation distinctly lower than 8 when an attempt is made to fit the
data with a straight line (see Table 3). It has been suggested
[Rozanski, 1987] that this apparent seasonality of the d-excess values
in Europe may be generated by two effects: (1) lower relative
humidity of air (normalized to the sea surface temperature) in the
source region in winter leads to enhancedkinetic fractionation during
the evaporation process and, consequently, higher d-excess signature
of the vapor. (2) lowerrelative humidity over the continent in summer
facilitates partial evaporation of raindrops below the cloud base. This,
in turn will lead to reduction of the deuterium excess values of
summer rains. For stations with substantial contribution of snow
precipitation, higher deuterium excess values during winter may
result from additional kinetic fractionation during snow formation
[Jouzel and Merlivat, 1984].

Fitting monthly isotope data of individual stations with a straight
line is not always justified theoretically; the above examples have

shown that seasonally varying influence of different sources of vapor
with different isotope characteristics, different storm trajectories or
evaporation and isotope exchange processes below the cloud base,
may often lead to a more complex relationship between 8D and §"°0
of precipitation recorded at a given station.

Figure 29a shows latitudinal distribution of the deuterium excess
values derived from the long-term annual means of 8D and §"°0 for
the selected stations of the network. Stations of the northem
hemisphere reveal a relatively large spread of the d-values, without
any clear trend. An exception is the group of stations located in the
Mediterranean region, which are characterized by distinctly higher
deuterium excess values, reflecting specific conditions of vapor
formation over the Mediterranean Sea [Gat and Carmi, 1970;
Rindsberger et al., 1983, 1990]. For the southern hemisphere, aslight
increase of the d-values can be noted between the equatorial region
and 30°S, followed by an apparent reduction of this parameter further
south, with a distinct minimum around 65°S (Argentine Island). The
Perth station (31.95°S. 115.90°E) constitutes an exception to this
trend. Contrary to other Australian stations of the network, in Perth,
as in the Mediterranean region, winter precipitation prevails.
Although these apparent variations of the deuterium excess may
properly reflect different conditions at vapor source regions (relative
humidity, wind speed, sea surface temperature), scarcity of data
documenting variability in these conditions does not allow any firm
conclusions.

The role of vapor source regions in establishing the deuterium
excess values observed in precipitation is illustrated by Figure 29b
showing the d-values for selected stations of the network, as a
function of a fraction of winter precipitation in the total precipitation
collected at the given station. For the stations with dominating winter
precipitation, an apparent increase of the deuterium excess is
observed, probably due to lower relative humidity (normalized to the
sea surface temperature) over the ocean in winter and/or substantial
contribution of snow precipitation formed under non-equilibrium
conditions.

Frequency distribution of monthly data

The above discussion demonstrated that the isotopic composition
of monthly composite samples of precipitation collected throughout
the year is controlled by a number of different processes, both of a
regional and local nature. To illustrate therelative importance of these
processes in formation of the average isotopic composition of
precipitation at a given location, frequency distribution histograms
of monthly §®0 values have been constructed for several stations
representing different environments. These histograms are shown in
Figure 30. Two marine stations (Weathership E and Apia) reveal a
rather symmetric distribution, coupled with a relatively small range
for the 80 values. This appears to be a typical 8'%0 distribution for
oceanic islands [IAEA, 1992] . The mid-latitude continental stations
in contrast are characterized by a much broader range of §'*0 values
and a distribution which is usually skewed towards negative values
(Vienna, Ottawa). An interesting example of bimodal distribution is
represented by the data from the New Delhi station. Two distinct
peaks are associated with two distinct modes of precipitation regime:
the more negative peak represents abundant monsoon precipitation
(June-September), whereas light rains occurring between October
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Fig. 24. The long-term trends of 80 and amount of precipitation, calculated for selected stations of the TAEA/WMO global network:
Vienna (a), Ottawa (b), Argentine Island (c), Hong Kong (d) and Taguac (e). See text for details of calculation of A3'*0O and AP.

and June form the second peak. Detailed analysis of isotope and
precipitation data for this station suggests that isotopic composition
of precipitation representing the dry period is probably modified by
evaporation and isotope exchange below the cloud base [Datta et al.,
1991).

CONCLUDING REMARKS
The IAEA/WMO network "Isotopes in Precipitation” has
accumulated during the past three decades a unique set of basic data
on spatial and temporal distribution patterns of deuterium and
oxygen-18 isotope composition of precipitation on the global scale.
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This database has been extensively used in the past in numerous

applications of environmental isotopes to hydrology, oceanography

and climatology. The basic design and structure of the network
appears to be correct, although certain modifications would be
necessary to meet current needs of new fields of applications of stable

isotope data, especially in climatology and global atmospheric
modelling.
The present-day global distribution patterns of deuterium and

- oxygen-18 in meteoric waters reveal a close relationship between

someclimatically relevant meteorological parameters such as surface
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air temperature or amount of precipitation and isotopic composition
of precipitation. These apparent correlations have been applied in
numerous studies to extract palaeoclimatic information from records
of isotopic composition of ancient precipitation preserved in various
climatic archives (polar ice cores, lake deposits, groundwater,
organic matter). Quantitative interpretation of these records is,
however, hampered by our limited understanding of physical
processes controlling global isotope behaviour. Whereas the link
between isotope signature of precipitation and climate at polar
regions is at present relatively well understood, this is much less the

case for temperate and tropical areas. The IAEA/WMO network is
providing ground-truth data needed to improve our knowledge of
these processes.

Today, long records of isotope and meteorological data are
available for a number of stations of the JAEA/WMO network,
reaching in several cases three decades, a time scale comparable with
climatic fluctuations. Therefore, a search for long-term trends in the
isotope records.is becoming meaningful. We have demonstrated that
the long-term changes of '*O content of precipitation in someregions
closely follow long-term changes of surface air temperature and
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TABLE 3. Regression equations of 8D and §'*0 monthly data for selected stations of the IAEA/WMO global network.
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STATION Regression equation r STATION Regression equation r
Continental and coastal stations Marine stations
Vienna 8D =7.073"0-138 0.961 Weathership E 3D =5.9638 "0 +2.99 0.738
Ottawa 3D=7445"0+501 0.973 Weathership V 8D=5515"0-1.10 0.737
Addis Ababa 8D =6.958 "0 +11.51 0918 St. Helene 5D =2.805 "0 + 6.61 0.158
Bet Dagan 3D =5.483 "0 + 6.87 0.695 Diego Garcialsl. 8D =6.938 *0 + 4.66 0.880
Izobamba 8D =8.013 "0 + 10.09 0.984 Midway Isl. 8D=6.808"0+6.15 0.840
Tokyo SD=6.875 "0 +4.70 0.835 Truk Isl. 3D =7.075"0 +5.05 0.940
30
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Fig. 28. Seasonal variations of the deuterium excess valuesin precipitation collected at two European stations of the IAEA/WMO global
network: Valentia and Vienna. The data are presented in the form of box-and-whisker plots.
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amount of precipitation, confirming the importance of stable isotopes
as climatic indicators.
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